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A C C E P T E D M A N U S C R I P T
Introduction
The quality of parental caregiving is a critical factor in a child's cognitive and socialemotional development, with insensitive caregiving practices increasing the risk for developing various types of psychopathology (Gilbert et al., 2009; Keyes et al., 2012; Morris et al., 2013; Pechtel A C C E P T E D M A N U S C R I P T and Pizzagalli, 2011). It is therefore of great importance to understand the underlying factors that bring forth variation in parents' caregiving quality, including endocrine factors (Bos, 2017; Feldman, 2015; Rilling, 2013) . In particular, recent studies have shown involvement of the steroid hormones testosterone (T) and cortisol (CORT) in parenting behavior (Bos, 2017) . Despite increased attention our current knowledge is still scarce, in particular with regard to fathers. At the same time, human fathers contribute significantly to parental care across cultures and also have a strong impact on the outcomes of their child's development and wellbeing (Cabrera et al., 2018; Gray and Anderson, 2010) . Including both mothers and fathers, the current study will investigate: the associations between T and CORT and quality of caregiving behavior in the (1) prenatal and (2) postnatal periods, and (3) whether prenatal T and CORT can predict postnatal quality of caregiving behavior.
Most studies relating T and CORT to caregiving behavior investigated mothers in the postnatal period, and focused on CORT (e.g. Finegood et al., 2016; Gonzalez et al., 2012; MillsKoonce et al., 2009) . Early postnatal levels of CORT in human mothers have shown positive relations with affectionate infant-directed behavior (Fleming et al., 1987) , responsiveness to and attractiveness of baby odor (Fleming et al., 1997) , and sympathy towards infant crying (Stallings et al., 2001 ). These apparent positive effects of CORT on maternal caregiving might be restricted to the first days after parturition, since a different pattern emerged when CORT was sampled at later time points. Lower maternal sensitivity was associated with higher CORT baseline at 2-6 months postnatally (Gonzalez et al., 2012; Mills-Koonce et al., 2009 ) and with reduced CORT downregulation when mothers interacted with their 3-month-old infant (Thompson and Trevathan, 2008) . Furthermore, an extensive study by Finegood et al. (2016) showed a negative relation between maternal sensitivity and CORT sampled at 7, 15, and 24 months postnatally. For T, the relation with maternal behavior is much more unclear. One of the few existing studies reported a positive relation between maternal sensitivity and basal T levels, but an opposite relation with diurnal variability in T (Endendijk et al., 2016) .
The few studies in fathers have mostly focused on relations between caregiving behavior and T. Basal levels of T generally decline during fatherhood (Gettler et al., 2011) . Furthermore, lower paternal T levels were related to more self-reported parental investment (Mascaro et al., 2013) , more responsiveness to infant cues (Storey et al., 2000) , and stronger sympathy in response to infant crying A C C E P T E D M A N U S C R I P T (Fleming et al., 2002) . The studies that measured basal T levels in relation to actual observed paternal behavior showed that higher T was associated with less interactive and social touch when fathers interacted with their 1-6 month old infants (Gordon et al., 2017) and with less interactive behavior when fathers interacted with their 3-to-8-month-old infants (Weisman et al., 2014) . No associations were observed between basal T levels and observed parenting when fathers interacted with their 1 year old (Kuo et al., 2016) , and with their 3-to-5-year-old children (Endendijk et al., 2016) . However, in the study by Kuo et al. (2016) greater declines in T when fathers observed their infants were related to more sensitive caregiving. With regards to CORT, increases in CORT levels have been observed in fathers in response to infant crying (Fleming et al., 2002) , and decreases when fathers interact with their own toddler (Storey et al., 2011) . Furthermore, a study that included fathers of 6-year-old children found CORT responses to parental conflict to be related to more frequent use of psychological control towards the child (Sturge-Apple et al., 2009 ). The relation with CORT and actual early postnatal paternal behavior is currently unknown, as we are not aware of studies that investigated associations between CORT and quality of paternal caregiving during infancy.
Overall, most parenting studies have focused on the postnatal period, and hardly any data exists on relations between endocrine factors and quality of caregiving during the prenatal period.
However, parental caregiving can affect infant development from birth onwards (Feldman et al., 2004) . Early, preferably prenatal, detection of parents at risk for low-quality caregiving is therefore of great relevance. Abusive parents, or those at risk for abuse, generally show physiological hyperreactivity to signals eliciting stress, such as persistent infant crying (McCanne and Hagstrom, 1996) . In nulliparous adults, physiological endocrine responses to crying have also been related to intended harsh caregiving (Out et al., 2012) . Therefore, in the current study we address the question whether prenatal T and CORT responses to infant crying are related to actual quality of caregiving towards the own child. Instead of audio recordings of infant crying, we used an unsoothable crying infant simulator to asses prenatal responses to infant crying and parental caregiving behavior (e.g. Rutherford et al., 2015; Rutherford et al., 2017; van Anders et al., 2012; Voorthuis et al., 2013) . Also, most of the studies have focused on basal levels of either CORT or T, and generally have not included both steroid hormones, or endocrine responses to caregiving interactions in their
design. Importantly, as predicted by the dual-hormone hypothesis (Mehta and Prasad, 2015) , effects of T on human social behavior have been shown to be dependent on individuals' CORT levels.
Specifically, the effects of T are generally more pronounced, or only observed, in individuals with low levels of CORT. So far, the dual hormone hypothesis has focused on social behavior such as risk taking, aggression, and dominance behavior (Mehta and Prasad, 2015) . In the current study we included measures of both T and CORT which allowed us to address the interactions between these hormones in relations to human caregiving behavior for the first time. Furthermore, we investigated both baseline levels and reactivity of T and CORT in relation to parental caregiving behavior.
Finally, several studies have investigated relations between endocrine factors and caregiving behavior, but most of these studies have used only self-report measures. In the current study quality of caregiving will be indexed from observations of interactions with the infant simulator (prenatally) and the own infant (6 weeks postnatally) to increase objectivity. These interactions will be rated for parental sensitivity and cooperation, key characteristics of caregiving quality (Helmerhorst et al., 2014) .
In both mothers and fathers, the following research questions will be investigated: 1) is the quality of caregiving, when interacting with the infant simulator, associated with prenatal T and CORT baseline and reactivity?, 2) is the quality of caregiving, when interacting with the own infant, associated with postnatal T and CORT baseline and reactivity?, and 3) is the postnatal quality of caregiving, when interacting with the own infant, associated with prenatal T and CORT baseline and reactivity? Regarding question 2 we hypothesized that postnatal quality of caregiving when interacting with the own child is negatively related to postnatal CORT and T, since positive effects of these steroids were only observed in the first few postnatal days (Fleming et al., 1987; Fleming et al., 1997; Stallings et al., 2001) . The novelty of questions 1 and 3, regarding prenatal measurements of endocrine factors and pre-and postnatal parental quality, prohibits strong predictions about directionality of an effect. However, based on the notion of physiological hyperreactivity in insensitive caregivers (McCanne and Hagstrom, 1996) , we anticipate negative relations between endocrine responses and quality of caregiving.
Methods

Participants
Participants are part of the BINGO (Dutch acronym for Biological Influences on Baby's Health and Development) study, a longitudinal study examining prenatal predictors of parental caregiving behavior and infant health. This study attained approval by the ethical committee of the Faculty of Social Sciences of the Radboud University [ECSW2014-1003 . Families were recruited during pregnancy by distributing flyers in midwife practices and pregnancy courses in the region Arnhem-Nijmegen (the Netherlands). Fathers were encouraged to participate, but mothers could also participate in the study without their partner.
Initial prenatal exclusion criteria were: drug use, excessive alcohol use, insufficient mastery of the Dutch language, and an unhealthy pregnancy so far. In total, 88 expectant mothers and 57 of their partners qualified for participation and signed informed consent. Mothers participated alone when the father had no interest (n=7), had no time (n=19), was a donor (n=2), was known at the university (n=1) or unknown reasons (n=2). The majority of participants were born in the Netherlands (83 mothers, 51 fathers) and were employed (83 mothers, 55 fathers). Postnatal exclusion criteria were: complications during pregnancy (after initial contact), prematurity (gestational age ≤37 weeks), birth weight <2500 grams, 5-minute Apgar score <7, and child anomalies. Two infants were born in week 36 of the pregnancy. As these infants were completely healthy, the families were included as well. Two families were excluded from the analyses due to premature birth of the child (gestational week 35, n=1), and brain damage detected at birth (n=1). The final sample thus consisted of 86 mothers and 56 of their partners. Seven families stopped participation after birth due to personal reasons. Infants (41 boys, 38 girls) were born at term (Mgestational age=39.78, SD=1.53) , with an average birth weight of 3531.07 grams (SD=428.43).
Procedure
Participants visited the lab during the third trimester of pregnancy (M=33.93 weeks, SD=2.24 weeks). All lab visits took place during late afternoon (after 15:00) or in the early evening (M=17:28, SD=01:53). When both the mother and father participated, they were tested separately. A dice was
rolled to decide whether the mother or the father was tested first. Participants first filled in some questionnaires and then performed a working memory task and a handgrip dynamometer task, both unrelated to the current study. Between the working memory and handgrip dynamometer task, participants provided a saliva sample (approximately 2 ml) by means of passive drooling (T1). This sample served as baseline measurement. Subsequently, participants interacted with an unsoothable crying simulator infant for 15 minutes while being video recorded. The simulator infant (RealCare Baby; Realityworks, Eau Claire, WI, USA) was used to elicit prenatal caregiving behavior towards a crying infant. The simulator infant resembles a real infant aged 0 to 3 months in weight, size, and appearance as well as in expressed needs. Similar to a real infant, the simulator starts fussing to express a need which eventually turns into crying if the need is not met.
Participants were introduced to the simulator infant in an observation room. The observation room included two cameras, a cot, a changing table, toys, a rocking chair, a bottle and a second diaper. Participants were instructed to imagine that the simulator infant was their own infant and that they were at home. The experimenter then demonstrated the feeding function (giving the bottle when the infant started fussing) while explaining that the simulator infant reacts like a real infant. The simulator was then handed to the participant, and the experimenter left the room. The simulator infant immediately started fussing. Unlike during the demonstration, the simulator did not react to the participant's caregiving attempts, since -unbeknownst to the participant-the simulator only responds to a special chip worn by the experimenter. Subsequently, participants were subjected to three cycles of around five minutes each of fussing and crying sounds.
The experimenter entered the room after 15 minutes and participants were asked to fill in two manipulation check questions on a 7-point scale: 1) how difficult they found it to interact with the simulator infant as if it were real, and 2) how seriously they performed the task. Subsequently, participants were carefully debriefed and the experimenter explained that the simulator had not been responding to the participant's soothing attempts due to the manipulation. Approximately 15 minutes (T2) and 35 minutes (T3) after the end of the interaction with the simulator infant, participants provided saliva samples again. Saliva samples were immediately stored at -20℃.
When the infant was 6 weeks old (M=6.77 weeks, SD=0.82), parents were visited at home. This infant age was chosen because infant crying increases from birth onwards and reaches a peak around 6 weeks of age, also known as the crying peak (Barr et al., 2006) , and crying is known to trigger caregiving behavior (Zeifman, 2001 ). All visits took place during the late afternoon (after 15:00) or in the evening (M=17:40, SD=01:59). During the home visit, parents were first asked to fill in some questionnaires, and then perform a working memory task and handgrip dynamometer task, not relevant for the current study. Afterwards, parents were asked to undress, change the diaper, and redress their 6-week-old infant, interacting with their infant as they would normally do. For ethical reasons and to make the postnatal parent-infant interactions comparable, they were only carried out when the infant was not overly distressed. The interaction was filmed as unobtrusively as possible by the experimenter and was 15 minutes long (in cases when the parent finished before the 15 minutes he/she was asked to continue interacting with the infant until 15 minutes were completed). Changing an infant at this age constitutes a mild physical stressor that may elicit crying and fussing (Jansen et al., 2010) . When both parents participated, mothers and fathers separately interacted with their infant, and the mother always interacted with the infant first. Similar to the lab visit, three saliva samples were taken; approximately 45 minutes before the start of the interaction (T1; between the working memory and handgrip dynamometer task), at 15 minutes (T2), and 35 minutes (T3) after the end of the interaction. Immediately after the home visit, saliva samples were transported with a portable freezer and subsequently stored at -20℃. During both visits, the parents were blind to the exact nature of the tasks and the goals of the present study.
Measures
Prenatal quality of caregiving
The videos were rated for parental sensitivity and cooperation using 9-point rating scales (Ainsworth et al., 2015) , ranging from 1=highly insensitive/interfering to 9=highly sensitive/cooperative. Sensitivity is generally considered a key aspect of high-quality caregiving that contributes to a broad range of child developmental outcomes (Helmerhorst et al., 2014) . Parental cooperation (versus interference) is another key aspect of high-quality caregiving, which has been
shown to contribute to children's development beyond sensitivity (Helmerhorst et al., 2014) . Trained observers, who were blind to the study goals, independently rated the interactions. About 30% of the videos were scored twice for reliability. Interrater agreement was good (ICC = .92 and .88 for sensitivity and cooperation, respectively). Sensitivity and cooperation were highly correlated (r=.88), and therefore averaged as a measure for quality of caregiving.
Postnatal quality of caregiving
The videos were rated for sensitivity and cooperation using the same 9-point scales (Ainsworth et al., 2015) that were used prenatally. About 30% of the videos were rated twice for reliability. Interrater agreement was good (ICC = .82 and .75 for sensitivity and cooperation, respectively). Sensitivity and cooperation were highly correlated (r=.81), and therefore averaged as a measure for postnatal quality of caregiving.
Cortisol
Saliva samples were analyzed at the University Medical Center of Utrecht University, the Netherlands. Saliva was thawed and assayed. CORT in saliva was measured without extraction using an in house competitive radio-immunoassay employing a polyclonal anticortisol-antibody (K7348).
[1,2-3 H(N)]-Hydrocortisone (PerkinElmer NET396250UC) was used as a tracer. The lower limit of detection was 1.0 nmol/l, and inter-assay variation was <7% at 3.3-30 nmol/l (n=80). Intra-assay variation was <4% (n=10).
Testosterone
After determination of CORT, the saliva samples were sent to Nagasaki, Japan, and were analyzed in the Department of Neurobiology & Behavior of Nagasaki University. The concentration of salivary T in each sample was assayed by enzyme immunoassay (EIA) using a commercially available kit (Salimetrics Europe Ltd., Suffolk, UK). The sample was first thawed, centrifuged at 1,500 × g for 15 min, and the aqueous layer was aliquoted for assay. The cumulative intra-assay CV was < 5% in samples assayed in the Nagasaki University lab. The assay kit has an analytical
sensitivity of < 1.0 pg/ml. We checked that the optical density of 1.0 pg/ml concentration could be reliably distinguished from a concentration of zero. The information about the recovery and specificity of the kit can be found in the EIA kit online manual.
Control variables
The following variables were included as control variables, as they have been demonstrated important in the relation between CORT, T and parental behavior (Bos, 2017; Saltzman and Maestripieri, 2011; Storey and Ziegler, 2016) : parity, educational level, and parental age. Moreover, in the analyses concerning prenatal quality of caregiving towards the simulator infant, we also controlled for the reported difficultness and seriousness in interacting with the simulator infant.
Control variables that did not improve the model significantly, were removed from the analyses.
Statistical analyses
Mothers and fathers were analyzed separately. Because of the longitudinal design (CORT and T were examined three times during pregnancy and three times during the postnatal period), multilevel (hierarchical) linear modeling (MLM), also known as a mixed model analysis, was used. 
Second, following Tabachnik and Fidell (2007) , a build-up strategy was used. To the intercept-only model, variables were added one at a time. After each addition, the -2 log likelihood ratio scale after generalized least square estimation was examined. The -2 log likelihood is a determinant of model fit. If model fit increases, the added variable is kept. Time and quadratic time were entered first to check which time model proved a better fit and to investigate T and CORT reactivity to the interaction tasks. Thereafter, the control variables were added one by one, followed by the quality of caregiving predictors. Then, interaction terms between quality of caregiving and time, and between quality of caregiving and quadratic time, were added to investigate, respectively, whether T and CORT reactivity to the interaction tasks were predicted by quality of caregiving.
Finally, interaction terms between quality of caregiving and T or CORT, and between quality of caregiving, T or CORT and time were added. This way, the dual-hormone hypothesis was investigated by testing whether the relation between one hormone and quality of caregiving was dependent on the level of the other hormone.
To answer question 1 (i.e. whether the quality of caregiving, when interacting with the infant simulator is associated with prenatal CORT and T baseline and reactivity), two multilevel models were built: 1) prenatal quality of caregiving (controlled for parity, educational level, age, difficultness, seriousness, and prenatal T) predicting prenatal CORT levels, and 2) prenatal quality of caregiving (controlled for parity, educational level, age, difficultness, seriousness, and prenatal CORT) predicting prenatal T levels.
To answer question 2 (i.e. whether the quality of caregiving, when interacting with the own infant, is associated with postnatal T and CORT baseline and reactivity), two multilevel models were built: 1) postnatal quality of caregiving (controlled for parity, educational level, age, and postnatal T) predicting postnatal CORT levels, and 2) postnatal quality of caregiving (controlled for parity, educational level, age, and prenatal CORT) predicting postnatal T levels. Lastly, to answer question 3 (i.e. whether the quality of caregiving when interacting with the own infant is associated with prenatal T and CORT), postnatal quality of caregiving behavior was added as a predictor to the multilevel models predicting prenatal T and CORT. Postnatal T and CORT levels were included in these last
multilevel analyses as well, to investigate whether prenatal T and CORT levels were uniquely related to postnatal quality of caregiving.
The best fitting models are presented in the Results. A check of the VIF and Durbin Watson values indicated normality (see Table 3 and 4) and no outliers were detected.
Results
Preliminary Analyses
Missing values
During pregnancy, five mothers and five fathers were video recorded without sound in the lab due to technical issues, and these videos were not rated for quality of caregiving behavior. After birth, videos of the interaction with the 6-week-old infant were lost for one couple due to technical difficulties. Five fathers and one mother did not complete the interaction because their infant was too upset. The saliva samples of mothers that had used antibiotics during pregnancy (N=2) and after birth (N=2) were excluded from hormonal analyses. As multilevel analyses are robust for missing values (Tabachnik & Fidell, 2007) , missing values were not imputed.
Manipulation check
Participants found it neither easy nor difficult to interact with the simulator infant as if it were real (Difficulty; M=4.44, SD=1.74) and reported taking the task rather seriously (Seriousness;
M=5.60, SD=1.13). Table 1 shows the means and standard deviations for the control variables and pre-and postnatal quality of caregiving separately for mothers and fathers. Paired samples t-tests showed that mothers, on average, displayed higher postnatal quality of caregiving than their partners (t=3.10, p=.002). Figure 1 and 2 show T and CORT baseline and reactivity of mothers and fathers to the prenatal interaction task with the simulator infant and the postnatal interaction task with the 6-weekold infant. To test prenatal and postnatal parental T and CORT reactivity to the interaction tasks, multilevel time-only models of T and CORT were investigated (see Table 2 ). For mothers, there was a significant positive effect of time on both prenatal T (p=.014) and CORT (p=.027), meaning that maternal T and CORT levels increased in response to the interaction with the simulator infant. After birth, there was a significant negative effect of time and quadratic time on CORT but not T. In response to the interaction with the own infant, maternal CORT, but not T, levels decreased significantly.
Descriptive statistics
---------------------------------------A C C E P T E D M A N U S C R I P T
Prenatal and postnatal T and CORT responses to the interactions
In fathers, there was a significant negative effect of time (p=.026) and a positive effect of time quadratic (p=.029) on prenatal T. In reaction to the interaction with the simulator infant, paternal T levels first increased and subsequently decreased. There was a significant positive effect of time (p=.003) and a negative effect of time quadratic (p=.002) on postnatal T. In response to the interaction with the own infant, paternal T levels decreased. There was a significant negative effect of time on prenatal (p=.012) and postnatal (p<.001) CORT in fathers. Fathers' pre-and postnatal CORT levels decreased in response to the interaction with the simulator infant and their own infant. Figure 1 . Maternal and paternal cortisol responses to interaction with Simulator Infant and own infant. Figure 2 . Maternal and paternal testosterone responses to interaction with Simulator Infant and own infant. Mothers The best fitting multilevel models for maternal prenatal T and CORT are presented in Table 3 . For prenatal T, model fit improved from 1881.07 (intercept only model) to 1698.16 (final model). The control variables educational level and prenatal CORT improved model fit. There was a significant positive effect of prenatal CORT (p=<.001). Higher CORT levels were related to higher T levels. There was no significant effect of prenatal quality of caregiving, the other control variables (i.e., parity, age, difficulty, and seriousness), or any of the interaction terms.
The model fit for prenatal CORT improved from 1279.09 (intercept only model) to 921.29
(final model). Of the control variables, parity, educational level and prenatal T, and the interaction between parity and prenatal quality of caregiving significantly improved model fit, whereas the other control variables (i.e., age, difficulty, and seriousness) did not. Also, the interaction between prenatal quality of caregiving and T, and the interaction between prenatal quality of caregiving, time and T did not improve model fit. There was a significant positive association between prenatal CORT and prenatal T. Higher T levels were related to higher CORT levels (p=<.001). However, parity, educational level and the interaction between parity and prenatal quality of caregiving were not significantly related to prenatal CORT. There were no further significant effects on prenatal CORT of prenatal quality of caregiving, or any of the interaction terms.
Fathers
The best fitting multilevel model for paternal prenatal T and CORT are presented in Table 4 . For prenatal T, model fit improved from 1012.68 (intercept only model) to 949.71 (final model). Of the control variables, prenatal CORT and seriousness improved model fit. There was a significant positive relation between prenatal CORT and prenatal T (p=<.001). Higher CORT levels were related to higher T levels. Additionally, there was a significant negative effect of seriousness on
prenatal T (p=.022). Taking the interaction with the simulator more seriously was related to lower T levels. Finally, there was a significant negative effect of the interaction between sensitivity and CORT on prenatal T (p=.035). To qualify this interaction, a median split was performed creating a low and high CORT group, for which we plotted the relation between T and quality of caregiving (see figure   3 ). The figure shows that for the low CORT group, T is more negatively associated with quality of caregiving than for the high CORT group. Although the interaction was significant, the different slopes for the CORT groups are not significantly different from zero ( p=.335 and p=.252, for the low and high CORT group, respectively). There were no significant effects on prenatal T by prenatal quality of caregiving, the other control variables (i.e., educational level, parity, age, and difficulty), or any of the interaction terms.
Relation Between Prenatal Quality of Caregiving and Testosterone for Fathers based on CORT ------------------------------------------------------------------------------------------------------------------------
For prenatal CORT, model fit improved from 700.48 (intercept only model) to 516.01 (final model). Of the control variables, prenatal T improved model fit, with a significant positive effect on prenatal CORT. Higher T levels were related to higher CORT levels (p=<.001). There were no further significant effects on prenatal CORT of prenatal quality of caregiving, the other control variables (i.e., educational level, parity, age, difficulty, and seriousness), or any of the interaction terms.
Is postnatal quality of caregiving associated with postnatal T and CORT baseline and reactivity?
Mothers The best fitting multilevel models for postnatal T and CORT are presented in Table   3 . For postnatal T, model fit improved from 1356.74 (intercept only model) to 1252.43 (final model).
The control variables parity, educational level and postnatal CORT improved model fit. There was a significant positive effect of postnatal CORT (p=<.001). Higher CORT levels were related to higher T A C C E P T E D M A N U S C R I P T levels. There was no significant effect of postnatal quality of caregiving, the other control variable (i.e., age), or any of the interaction terms.
For postnatal CORT, model fit improved from 876.75 (intercept only model) to 635.20 (final model). The control variables educational level and postnatal T significantly improved model fit, whereas the other control variables (i.e., parity and age) did not. There was a significant positive effect of postnatal T (p=<.001). Higher T levels were related to higher CORT levels. There was no significant effect of postnatal quality of caregiving, or any of the interaction terms.
Fathers The best fitting multilevel models for postnatal T and CORT are presented in Table   4 . For postnatal T, model fit improved from 1104.49 (intercept only model) to 1013.85 (final model).
Of the control variables, postnatal CORT improved model fit, whereas the other control variables (i.e., educational level, parity, and age) did not. There was a significant positive association between postnatal CORT and postnatal T (p=<.001). Higher CORT levels were related to higher T levels.
There was no significant effect of postnatal quality of caregiving, or any of the interaction terms.
For postnatal CORT, model fit improved from 652.57 (intercept only model) to 445.162 (final model). Of the control variables, age and postnatal T improved model fit, whereas the other control variables (i.e., parity and educational level) did not. There was a significant positive effect of postnatal T on postnatal CORT (p=<.001). Higher T levels were related to higher CORT levels. There was a significant negative interaction of postnatal quality of caregiving and T on CORT (p<.001). To qualify this interaction, a median split was performed creating a low and high T group, for which we plotted the relation between CORT and quality of caregiving (see figure 4) . The figure shows that for the high T group, CORT is more negatively associated with quality of caregiving than for the low T group. Both slopes are significantly different from zero(p<.01 and p<.001, for the low and high T group, respectively). There was no significant effect of postnatal quality of caregiving or any of the other interaction terms.
------------------------------------------------------------------------------------------------------------------------Here Figure 4. Relation Between Prenatal Quality of Caregiving and Cortisol for Fathers based on T ------------------------------------------------------------------------------------------------------------------------
Is postnatal quality of caregiving related to prenatal T and CORT?
Mothers To investigate whether postnatal quality of caregiving is related to prenatal T and CORT, controlling for postnatal T and CORT levels, postnatal quality of caregiving behavior was added as a predictor to the models predicting prenatal T and CORT. The best fitting multilevel models for prenatal T and CORT are presented in Table 3 . Maternal postnatal quality of caregiving behavior was unrelated to prenatal levels of T and CORT.
Fathers
The best fitting multilevel model for prenatal T and CORT are presented in Table 4 .
Paternal postnatal quality of caregiving was unrelated to prenatal T levels. For prenatal CORT, model fit improved from 700.48 (intercept only model) to 476.92 (final model). There was a significant negative effect of postnatal quality of caregiving (p=.05) on prenatal CORT. Lower postnatal quality of caregiving was associated with higher prenatal CORT levels.
-----------------------------------------------------Here Table 3. Maternal Multilevel Models -----------------------------------------------------------------------------------------------------------
Here Table 4 .
Paternal Multilevel Models ------------------------------------------------------
Discussion
In the current study we aimed to answer three questions. 1: Is prenatal quality of caregiving behavior associated with prenatal testosterone (T) and cortisol (CORT) baseline and reactivity? 2: Is postnatal quality of caregiving associated with postnatal T and CORT baseline and reactivity? 3: Is postnatal quality of caregiving related to prenatal T and CORT? Furthermore, in light of the dualhormone hypothesis (Mehta and Prasad, 2015) we also investigated interactions between T and CORT in relation to quality of caregiving. The results show that: 1) for both mothers and fathers, prenatal quality of caregiving behavior was not associated with prenatal T or CORT levels, although in fathers there was a significant interaction between sensitivity and CORT on prenatal T. This was driven by a stronger negative relation between T and quality of caregiving in fathers with lower CORT levels . 2)
In the postnatal period, quality of caregiving was again unrelated to either postnatal T or CORT levels
in both mothers and fathers, although in fathers there was now an interaction of postnatal quality of caregiving and T on CORT. This was caused by a stronger negative relation between CORT and quality of caregiving in fathers high in T levels. Finally, 3) lower quality of postnatal caregiving was associated with higher prenatal CORT levels in fathers, whereas no such association was observed for the mothers. There was no relation between postnatal quality of caregiving and prenatal T levels in fathers or mothers. Thus, in both the prenatal and postnatal period, T and CORT were associated with our index of quality of caregiving trough an interaction between the two hormones, which was only observed in fathers. Also, we observed a significant relation between higher prenatal CORT and lower quality of postnatal caregiving in fathers, but not in mothers. To our knowledge, this is the first time that these relations have been observed in fathers, and the question remains what mechanisms underlie these relations.
One of the underlying mechanisms could involve the level of experienced stress during provision of care. Stress has previously been shown to be negatively associated with parenting quality (Deater-Deckard and Panneton, 2017), and abusive parents generally show hyperreactive stressresponses to infant distress (McCanne and Hagstrom, 1996) . Also, one study showed that higher levels of α-amylase, a marker for activation of the sympathetic nervous system, were related to intended harsh caregiving in response to infant crying (Out et al., 2012) . Therefore, fathers who experience more stress, as reflected in endocrine responses, during a prenatal caregiving interaction which includes infant crying, may be less sensitive and cooperative when interacting with their own child. This relation between prenatal CORT and postnatal quality of caregiving was unaffected by levels of T, unlike the observed relations for fathers in the pre-and postnatal condition separately. In the prenatal session, lower levels of CORT were related to a more negative relation between T and quality of caregiving. Maybe the negative effect of T on sensitivity in fathers was only observed in those less stressed by the infant simulator. This finding seems in line with the dual-hormone hypothesis (Mehta and Prasad, 2015) , which states that effects of T are generally observed in participants with relative low levels of CORT. However, postnatally we observed a relation opposite to the predications of the dual-hormone hypothesis, as CORT was more negatively associated with quality of caregiving for fathers with higher levels of T. Although this is not in line with the dual-
hormone hypothesis, such opposite effects have previously been observed in men (Welker et al., 2014) . Furthermore, this finding for the postnatal session is in line with the idea that hyperreactive physiological responses are negatively related to parental sensitivity (McCanne and Hagstrom, 1996) .
Contextual differences between the two conditions, i.e. caring for an unsoothable infant simulator versus interaction with the own child, might explain the opposite effects in these interactions.
In our study, the negative relations between T and quality of caregiving depended on CORT levels, and this direction of the effects is in line with previous work. In a study by Gordon et al. (2017) , fathers' T levels were negatively related to the quality of interactive behavior with their 3-to-8-month old infants. Furthermore, paternal T levels were also negatively related to the quality of interactive and social touch behavior with 1-6 month old infants (Gordon et al., 2017; Weisman et al., 2014 ). Since our sample of fathers was relatively small (n = 57), we must be careful in interpreting these interaction. However, our findings do point out that when investigating endocrine antecedents of parenting, both T and CORT should be taken into account (Bos, 2017) .
The above interpretations in terms of stress sensitivity are supported by findings that intranasal administration of oxytocin, a neuropeptide known to reduce CORT stress responses in a social context (Heinrichs et al., 2003) , facilitate positive social interaction and caregiving quality in fathers interacting with their own children (Naber et al., 2010; Weisman et al., 2014) . This proposed mechanism can however not explain why in the current data postnatal parenting quality was related to prenatal cortisol, but not to postnatal (i.e. concurrent) cortisol. Possibly a third factor underlies both quality of caregiving and altered CORT levels. For example, experienced early life stress can affect both CORT levels and parenting quality (Bos, 2017) . Early life stress, such as experienced insensitive caregiving can, depending on the severity and timing, lead to either increased or decreased basal CORT level, as well as decreased quality of parental caregiving (Bailey et al., 2009; Bos, 2017) . Also, parental motivation could be an underlying third factor; fathers that are less motivated for infant caregiving in general, are perhaps more stressed when interacting with the crying infant simulator, resulting in higher CORT levels during this interaction, and are also less sensitive when interacting with their own child. In future work, the incorporation of measures for parental motivation (e.g. Buckels et al., 2015) could help to reveal and disentangle these potential underlying factors. Ideally,
these questions are addressed in longitudinal work, wherein such assessments can be collected during or even before pregnancy.
Although our findings in fathers are in line with reported negative associations between quality of caregiving in mothers and CORT levels (Finegood et al., 2016; Gonzalez et al., 2012; Mills-Koonce et al., 2009; Thompson et al., 2004) , we did not observe a relation between our endocrine measures and parenting quality in mothers. Several factors might account for the fact that we did not observe such a relation. First, the children included in previous work were generally older (varying from 2 to 24 months) compared to those included in the current study in which the average age of the child was 6.77 weeks. Since positive relations between CORT and maternal sensitivity have been observed soon after delivery (Fleming et al., 1987; Fleming et al., 1997; Stallings et al., 2001 ), it could be that negative relations between maternal CORT and quality of caregiving appear later. Our study on 6-week-olds may therefore have been in a transition period, in which no clear associations between CORT and quality of maternal caregiving are found. In addition, most of the mothers in the current sample were breastfeeding (76 %), and this is known to reduce endocrine stress-responses (Heinrichs et al., 2002) , and to be positively related to maternal sensitivity (Tharner et al., 2012) .
Thus, breastfeeding might have served as a protective factor obscuring a relation between CORT and parenting quality at the postpartum assessment moment. Neither did we observe a relation between T levels and caregiving behavior in mothers. It might be that such a relation in mothers depends on other endocrine factors not taken into account in the current study. For example, in the study by Gordon et al. (2017) , T was shown to affect maternal caregiving behavior, but only in interaction with oxytocin.
Although it was not the primary question for which the study was set up, the overall endocrine responses to the interaction with the infant simulator and to the interaction with the own child is also of interest, especially with respect to the use of the infant simulator to study natural caregiving behavior (Rutherford et al., 2015; Rutherford et al., 2017; van Anders et al., 2012; Voorthuis et al., 2013) . Other studies that looked at endocrine responses to an infant simulator have found that in young nulliparous women T levels decrease during interaction with the infant simulator (Voorthuis et al., 2017) , whereas in our group of pregnant mothers both T and CORT levels increased
during the interaction with the simulator. Whether this difference can be explained by the participant sample (pregnant versus nulliparous women) or by methodological differences (in the study by Voorthuis et al. (2017) , the women practiced two evenings with the simulator) is currently unknown.
The same question holds for the data on males, since in our fathers T levels first increased and subsequently decreased in reaction to the interaction with the simulator infant. This finding corroborates with previous work in which males were exposed to infant cry sounds and in which T levels showed a similar pattern (Fleming et al., 2002) , although no infant simulator was used in that study. Studies performed so far with the infant simulator only investigated young nulliparous males, and these studies have failed to show overall increases in T during interaction with the simulator (van Anders et al., 2014; van Anders et al., 2012) . Comparing males and females that are expecting a child with nulliparous controls in a similar experimental setup could give more insight into the origin of these disparate findings. Furthermore, compared to the prenatal measures, different responses were observed after birth, when T in fathers, and CORT in both mothers and fathers declined when interacting with the own child. These differences can however be caused by the differences in experienced stress between caring for a crying simulator and caring for the (non-crying) own infant.
An additional interesting result is that we did observe a significant relation between subjective reports on how seriously the fathers took the interaction with the infant simulator, and paternal T levels during the interaction. Fathers that reported to have taken the interaction less seriously had higher T levels. Perhaps for fathers with higher levels of T, pretending actual care behavior with a doll while being observed is considered a threat to one's status (Eisenegger et al., 2011) , and is therefore taken less seriously. For example, fathers that report less parental investment and show less sensitivity to infant stimuli also have higher T levels (Mascaro et al., 2013) . Such fathers might also feel more uncomfortable in a lab-setting acting out caregiving behavior. Alternatively, fathers with higher T might have more difficulty in empathically imagining the situation as real (van Honk et al., 2011) .
Some limitations of the current study need to be addressed. First, although the use of the crying simulator is an innovative approach for studying actual parenting behavior, quality of caregiving assessed by using an unsoothable crying simulator is different from quality of caregiving when interacting with a non-crying own baby. Although this limitation cannot be methodologically
solved, it is important to consider as endocrine responses to both situations can reflect different processes. Furthermore, the current findings need to be replicated in other samples as the sample size of the group of fathers was relatively small due to fewer fathers than mothers wanting to participate.
Another limitation of the current sample is that it consists of a generally highly-educated sample, which limits the generalizability of the findings. An important question to be addressed in future studies is whether the relation between quality of caregiving and prenatal CORT observed in our sample is also observed in larger community samples.
In conclusion, the current study investigated how prenatal and postnatal endocrine factors are related to quality of caregiving in both mothers and fathers, and provided novel insights into how fathers' prenatal cortisol concentrations are related to the quality of caregiving for their own infant after birth. Although we only addressed the role of T and CORT in this study, most work so far has focused on only a single endocrine factor (Bos, 2017) . Studies that include more factors, such as the work of Gordon et al. (2017) , or the current longitudinal study, can give more insight into how different endocrine factors bring forth variations in caregiving. Ultimately, better understanding of the antecedents of the quality of human parenting will allow us to identify profiles for parents at risk and will provide avenues for intervention.
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